Purpose Standard semen parameters are poor predictors of fertility potential. To date, apart from, paternal karyotyping sperm factors are not evaluated in recurrent pregnancy loss (RPL), only recent studies have emphasized the role of sperm factors in early embryonic development as sperm transcribes genes critical for early embryonic development. Sperm DNA integrity is useful diagnostic and prognostic marker and has clinical implications in idiopathic recurrent pregnancy loss (iRPL) following spontaneous conception. The aim of this study was to assess DNA integrity in cases experiencing iRPL following spontaneous conception. Methods Semen samples from 45 patients and 20 controls were analyzed as per WHO 1999 guidelines and sperm chromatin structure assay (SCSA) was used to measure DNA fragmentation index (DFI). Results By applying receiver operating curve (ROC) analysis, sperm DFI of approximately 26 % was found in male partner of couples experiencing iRPL. Conclusions Our data indicate that sperm from men with a history of iRPL have a higher percentage of DNA damage as compared to control group, and this can explain pregnancy loss in these patients. Men with higher DFI are infertile whereas men with lower DFI (26 %) are able to conceive but experience recurrent pregnancy loss. Thus it is important to evaluate sperm DFI in couples experiencing iRPL to understand exact aetiology of RPL and determine prognosis and management.
Introduction
Recurrent pregnancy loss (RPL) is a devastating reproductive problem affecting approximately 5 % of couples trying to conceive. It is defined as the occurrence of two or more consecutive pregnancy failures. Factors associated with RPL include parental chromosome translocations, uterine malformations, endocrine, haematological and autoimmune factors. In spite of exhaustive investigation, approximately 40 % of RPL cases remain unexplained and are classified as idiopathic RPL (iRPL) [40] . A significant proportions of these cases are believed to be caused by as yet unidentified genetic mechanisms [34] . Several studies have implicated the role of female factor in recurrent miscarriages, but the role of male factor has only recently been realised in couples experiencing sporadic ART failure even after ICSI [3] . Sperm DNA integrity plays a vital role in development of the embryo and fetal well being. DNA damage may result in poorly embryonic development [30] . Sperm DNA damage may occur by at least one of three fundamental mechanisms: defective chromatin condensation or abortive apoptosis during spermatogenesis or transportation of sperm through the male or the female genital tract [38] and oxidative damage to sperm DNA, which results in accumulation of mutagenic bases like 8-hydroxy-2-deoxyguanosine, creates abasic sites, single and double strand breaks. Oxidative stress also damages guanine rich highly conserved hexameric repeats at ends of chromosomes known as telomeres. This results in single strand breaks and shortening of telomeres. Sperm DNA damage is common amongst infertile men with normal and abnormal sperm parameters and may adversely affect the outcome of both natural and assisted conception [44, 47] . Because of its clinical benefit there has been an increase in the use of sperm DNA integrity tests in the evaluation of infertile men. Till date few studies have evaluated the role of sperm DFI in iRPL cases following spontaneous conception [3, 11, 21] . Analysis of DNA integrity in understanding the role of sperm factor in iRPL may reduce the number of cases diagnosed as idiopathic and aid in providing most adapted therapeutics to the couple. This study highlights that men with normal semen parameters may harbour significant DNA damage and the need to evaluate DNA integrity in men with history of RPL.
Materials and methods

Study design
After approval from ethical board of the institute (IESC/T-364), a total of 45 iRPL couples and 20 control men were enrolled for the study. Cases were referred to Laboratory for Molecular Reproduction and Genetics from the department of Obstetrics and Gynecology, All India institute of Medical sciences (AIIMS). Selection criteria included a history of at least three prior pregnancy losses at <20 weeks of gestation, with all pregnancies fathered by the same partner. All the known causes of RPL were ruled out, and only idiopathic cases were recruited. In brief, female partners of couples having normal haemogram (Hb, TLC, DLC, ESR, platelets, PT, CT) with normal ovarian function (USG of ovary for PCOS), a normal uterus confirmed by vaginal ultrasound and/or hysterosalpingography/ hysteroscopy, have normal endocrinological parameters (level of T 3 , T 4 ,TSH, FSH, LH, PRL), with normal in per speculum and per vaginal examination were enrolled. Other causes of RPL like thrombophilia both inherited (Proglob C) and acquired (anti cardiolipin-IgG and IgM) were also screened and male partner of such females were only included in the study. Both male and female had normal karyotype with no history of autoimmune or endocrine disorders. Male partners of couples who had recently fathered a child, (not older than 2 years) were enrolled as fertile controls and were age matched with cases. All the fertile males had normal karyotype, normal semen profile, and no family history of disease. Other confounding factors (varicocele, antioxidant intake etc.) that may affect DNA damage levels were ruled out in both patient and control. Written informed consent was obtained from both cases and controls.
Semen collection and analysis Semen samples were obtained by masturbation in a sterile plastic container after 4 days of sexual abstinence. After liquefaction at 37°C, semen analysis was performed as per the WHO guidelines [46] . An aliquot of 100 μl of the raw semen was stored at −80°C until SCSA analysis.
SCSA
The SCSA was performed as per the protocol described by Evenson et al. [16] . After complete analysis of the sample, the X-mean (red fluorescence) and Y-mean (green fluorescence) values were recorded manually after selecting gate for sperm cells using FlowJo software (Oregon). Extent of DNA denaturation (damage) was expressed as DFI, which is the ratio of red to total (red plus green) fluorescence, i.e., the level of denatured DNA over the total DNA [18] . The percentage of high DNA stainability cells (HDS) were also recorded in each sample manually from the graph plot. HDS represents another distinct population in semen that characterize immature spermatozoa with incomplete chromatin condensation. The DFI of the patients and controls were analysed in duplicate by a single operator, and the mean value was used for comparison.
Statistical analysis
Statistical analyses was performed using MedCalc trial version for Windows (MedCalc Software, Mariakerke, Belgium). Data is represented as mean±standard deviation. All the comparisons between controls and patients were calculated using Student's t-test. The two-tailed P value< 0.05 was considered as significant. Receiver operating characteristic (ROC) curve analysis was applied to obtain the cut-off value of DFI to differentiate patient from control.
Results
The age of the men was 30-45 years (33.17±5.16) in the RPL group compared to 25-32 years (31.5±5.28) in the proven fertile control. The semen parameters in men, in RPL group were within the reference range and nothing was found significantly different in comparison to controls except sperm morphology ( (21.40) . Using receiver operating characteristic (ROC) curve analysis, a threshold value of 26 % was obtained to discriminate from the control group. The area under the curve was 0.830 (P<0.0001; 95 % CI, 0.715 to 0.912), with 75 % sensitivity and 90 % specificity ( Fig. 1) . From ROC curve analysis, DFI of 26 % was set as the threshold value to differentiate between iRPL cases and controls. The mean value of high DNA stainability cells was 8.8±2.8 and 9.0±3.0 in control and patient group respectively (P>0.05).
Discussion
Sperm DNA damage leads to increased pre and post implantation losses, increased incidence of miscarriages, high rate of congenital malformations and even childhood cancer [13, 29] . High level of spermatozoal DNA damage may hinder fecundity (fertility potential) of an individual in vivo and outcome of assisted reproduction. Investigating the integrity of sperm DNA has both diagnostic and prognostic implications in couple experiencing repeated pregnancy loss in vivo or vitro. Several studies have proven that semen quality and embryo development are related. Several techniques have also been developed to evaluate paternal DNA integrity independent of other sperm parameters (sperm count, morphology and motility). Abnormal spermatozoa with reduced DNA quality may compromise cleavage rate and thus affect blastocyst formation [25] . Spermatozoa carrying fragmented DNA can fertilize a mature oocyte, but activation of paternal genome further impairs embryonic development, resulting in pre and post implantation losses. DNA strand breaks are usually formed during meiosis (recombination) and chromatin remodelling during maturation, and oxidative stress induces both DNA denaturation and accumulation of mutagenic bases, which causes GC→TA, transversion which lead to single strand and double strand break [1, 33] . In a yet unpublished study from our laboratory, we have found shorter sperm telomere length secondary to oxidative damage and high sperm DFI in cases with iRPL. Zini and colleague [48] reported that percentage of sperm with denatured and fragmented DNA was 25 to 28 % in infertile men as compared to 10 to 13 % in fertile men. They also reported that infertile men have >30 % denatured DNA and is associated with poor embryo quality and miscarriage. A number of repair pathways have been reported that support the maintenance of spermatozoa DNA integrity. Among these, the excision repair pathways remove most of the physical damage to DNA as well as replication errors. However, mature spermatozoa being transcrptionally inert is not at par to repair the damage and the high proportion of embryo DNA damage are thought to be derived from male gamete [2] . Also, genetic polymorphisms of DNA repair genes (XRCC1, XPD6, XPD23) were significantly associated with high DFI [35] . Human germ cell has limited capacity to repair oxidative DNA lesions [33] , which may lead to denovo mutation. Thus, transmutation of paternal genome may compromise embryo quality, viability and maintaining pregnancy, ultimately leading to recurrent pregnancy loss. Oocytes are well equipped to handle DNA damage in sperm by different pathways like direct reversal of damage, singlestrand damage repair, base excision repair, nucleotide excision repair, mismatch repair that repair sperm DNA damages [26, 31] . Oocytes can repair sperm DNA damage, but there is a threshold beyond which sperm DNA may not be repaired, and accumulation of ethenonucleosides (type of DNA lesion) in sperm may inhibit nucleotide excision repair mechanism. The mutational load thus carried by the embryo after fertilization have a high level of DNA damage is influenced by DNA repair capacity of oocyte. There is little information regarding fidelity and nature of repair mechanism of oocyte, but they are negatively impacted by age. In this study, mean age of female Fig. 1 Receiver operating curve analysis of DFI in patient and control group partner was 27.8±4.89, and thus the repair mechanism would be adequate as compared to ageing oocyte in women ≥35 years of age [23] . Because, trans-4-hydroxy-2-nonenal, which is involved in ethenonucleotide synthesis, inhibit NER in human cell [19] . Thus, persistence of sperm DNA damage is associated with poor pregnancy outcome and pre or post implantation loss. With the advent of modern assisted conception techniques, the role of sperm factor in recurrent assisted conception loss is being realized. Although the threshold, for sperm DFI in infertile men is established [5, 8, 15, 44] the role of sperm factor in iRPL following spontaneous conception has not been extensively evaluated [3, 20] , and DFI cut -off value has not yet been established. This study has tried to establish a threshold value of sperm DFI in cases with iRPL following spontaneous conception for the first time in India and is amongst the few studies in the world [28, 39] . Studies have suggested that pregnancy is unlikely to occur when sperm nuclear DFI is above a certain threshold value [28, 39] . Using sperm chromatin dispersion test (SCD), Bellver et al [3] observed that sperm DNA fragmentation was higher in the recurrent spontaneous abortion group compared with the sperm donor group. Moreover, Brahem et al [7] also indicated that sperm from men with a history of RPL had a higher incidence of DNA damage and poor motility than sperm from a control group. From large animal and human studies, Evenson and colleagues, who first described SCSA, suggested that threshold of 0-15 %. 16-29 % and >30 % DNA fragmentation index correlate to high, moderate and low fertility potential, respectively [16, 18] . The clinical role of sperm DNA damage assessment by SCSA in assisted reproduction has also been established. Although the different thresholds have applied to assisted reproduction samples, and no IVF or ICSI pregnancies were reported when the DFI of the neat semen sample was >27 % [28] . Similar cut-offs of 28 % for 33 IUI/IVF/ICSI/ cycles [36] , 20 % in a group of 104 IVF and ICSI cycles [4] and 27 % for 113 IVF and ICSI cycles have been reported [27] . [10] have also shown the importance of this chromatin assay as an independent predictor in assisted reproduction outcome. The study proved that the outcome parameters like biochemical pregnancy, clinical pregnancy and delivery were significantly decreased in couples with DFI >30 % as compared with couples with DFI ≤30 %. However, ICSI was found to be a better choice than IVF for couples with DFI >30 %. However, some studies did not find a correlation between sperm DNA damage and pregnancy rates at IVF/ICSI [24, 27] . Lack of an association in these studies could be due to selection of morphologically normal sperm and selection of superior quality embryos for transfer at IVF/ICSI and could explain for lack of an association between sperm DNA damage and pregnancy rates in these studies. We found a significant difference between sperm morphology of control and patient group. Alteration in sperm chromatin compaction in infertile men, (protamine deficiency or incomplete sulfhydryl oxidation) may contribute to head morphology defects as described in animal models [14, 41] . Sperm morphology has been correlated with quality of sperm DNA [6, 43] , this is in contrast to other studies where no association of sperm morphology and DFI was found [12, 49] . Spermatozoa with compromised genomic integrity may fertilize but may not sustain the pregnancy due to damaged DNA. The variation within DFI in different, independent studies is probably due to inclusion of different patient population and non stringent inclusion criteria. In this study, we included only those cases where both partners were cytogenetically normal, female were normal on clinical and gynaecology examination, and male partner had normal semen parameters and hormonal parameters in both patients were normal and so was the blood profile. As compared to our study in infertile men in which 30 % of sperm DFI was found to be associated with infertility and such couple were unable to conceive, in this study, cases with DFI of approximately 26 % were able to conceive but were unable to sustain pregnancy and experienced recurrent pregnancy loss. As no other cause, of RPL could be identified in these cases the results from this preliminary study show that a high DFI (26 %) did not affect fertilization but adversely affects embryogenesis because post activation of the embryonic genome 3 days post fertilization, DNA damage may lead to increased mutation load in every cell of the embryo if it escapes the oocyte repair mechanism and may result in postimplantation loss. Several other independent studies [37, 42, 45] reported a negative effect on the formation of the blastocyst and implantation rate when there was high DFI, and this was termed as the late paternal effect by Tesarik et al [42] to distinguish from other effects that don't depend on DFI. The sperm DNA is packaged into two compartments the tightly protamine bound toroid and peripheral histone bound fraction which transcribes genes of developmental importance. It is this outer portion of sperm genome, which is vulnerable to environmental insult and oxidative damage. Oxidative damage may first damage transcriptionally active histone bound peripheral portion of sperm genome and induce oxidative lesions. In a yet unpublished study, we have found shorter telomere length of sperm DNA in infertile and iRPL cases with high ROS levels. Thus, damage to histone bound sperm genome adversely affects genomic integrity and may result in early pregnancy loss. DNA fragmentation in mature male germ cell is usually caused by external factors such as reactive oxygen species (ROS), rather than cell's own programmed death [24] . Study has proven that DNA fragmentation measured by the SCSA originates (a part) from oxidative products (8-hydroxy-deoxyguanosine) [32] . It is therefore necessary to evaluate sperm DFI and the origin of increased DFI, so that a couple can be provided appropriate therapeutics.
Other SCSA parameter like percentage of high DNA stainability cells (%HDS) were also analysed. The compactness of sperm nucleus is determined by sperm DNA stainability. An increase in percentage of HDS suggests that the chromatin is less compact as DNA binding dye (acridine orange) has more access to the less condensed sperm DNA. Thus, estimation of sperm %HDS provides information about the sperm chromatin condensation and hence the quality of DNA. This SCSA parameter has statistically been reported to be an independent predictor for the establishment of pregnancy in vivo and vitro, but the result was not consistent in other studies. A threshold value of 15 %HDS was reported in establishing pregnancy in vivo [17] and with lower fertilization rate for in vitro fertilization [45] . However, [9] found that chance of pregnancy and delivery was significantly higher in couple with DFI ≤26 % or HDS ≤10 % as compared to those with DFI ≥27 % or HDS ≥10 %. Further, the same group did not find any upper limit of HDS to predict the outcome of assisted reproduction, neither alone or with DFI. In this study also we did not detect any threshold value of HDS to discriminate between the two groups.
Detecting high DFI and its underlying aetiology is of paramount importance in iRPL as it aids in providing comprehensive counselling and most adapted therapeutics to the couple. Incorporation of DNA fragmentation assay in routine diagnostic workup of couples experiencing idiopathic recurrent pregnancy loss may be helpful [22] . This will certainly reduce the burden of couples experiencing iRPL and increase carry home live birth rate. Thus, sperm is not a mere vector of paternal DNA but also plays a critical role in embryogenesis. Recent studies have documented that paternal DNA damage is associated with increased autosomal dominant disorders, cancer, increased prenatal morbidity, congenital malformations and childhood cancer. This study the first from India established a cut-off value of DFI in cases experiencing recurrent abortions following spontaneous conception. Interestingly, the low threshold value of sperm DFI (26 %) in male partner of iRPL couple in comparison to infertile (30 %) men can be explained. It is postulated, that cases with higher sperm DFI are unable to conceive while men with iRPL couple were successful in conceiving but could not sustain the pregnancy. Thus, knowledge of causative aetiology can help determine strategies to minimise DNA damage and improve pregnancy and live birth rate.
Conclusion
Sperm DNA damage may be the underlying aetiology of poor reproductive outcome including impaired development of the embryo resulting in an increased risk of morbidity in the offspring. Loss of genome integrity may be a risk factor in couples experiencing recurrent iRPL and thus analysis of sperm DNA damage has both diagnostic and prognostic implications in couples experiencing iRPL following spontaneous conception. This study has identified an increased incidence of sperm DNA fragmentation and established a cut-off value of sperm DFI (26 %) in male partner of couples with iRPL following spontaneous conception. Thus, DNA integrity assessment will narrow down the number of RPL cases identified as idiopathic. It also highlights the need to evaluate the cause of raised DFI, so that the appropriate measures can be taken to prevent or minimize DNA damage to achieve a successful pregnancy. Thus, this study highlights the association of increased DFI and iRPL but such finding should be confirmed by large scale studies in different populations.
